Background-The exact mechanism that explains the phenomenon of cold intolerance in patients with angina remains controversial. Although the response to the effects ofa cold environment has been examined in these patients, their response to cold air inhalation has produced conflicting results. In addition, the possible role of vasoactive peptides in the pathophysiology has not been explored. Objectives-The aims of this study were to examine the response of patients with stable angina to the effects of cold air inhalation during exercise testing, and to investigate the possible role played by the
Background-The exact mechanism that explains the phenomenon of cold intolerance in patients with angina remains controversial. Although the response to the effects ofa cold environment has been examined in these patients, their response to cold air inhalation has produced conflicting results. In addition, the possible role of vasoactive peptides in the pathophysiology has not been explored. Objectives-The aims of this study were to examine the response of patients with stable angina to the effects of cold air inhalation during exercise testing, and to investigate the possible role played by the vasoconstrictor peptides endothelin-l (ET-1) and angiotensin-II (AT-lI) in the pathophysiology. Methods-In a randomised order, 12 men with stable angina, whose medication had been stopped, underwent two separate symptom limited treadmill exercise tests. At one visit the patients exercised while breathing room air and at the other visit they exercised while breathing cold air from a specially adapted freezer. Serial peripheral venous blood samples were taken for ET-1 and AT-II estimations during each visit. Results-Cold air inhalation resulted in a significant reduction in the mean time to angina (232.7 (20.4) s v 274'1 (26.9) s, P = 0.04) and the mean total exercise time (299.5 (27.0) s v 350'3 (23.9) s, P = 0.008), but no significant change in the time to 1 mm ST depression (223.3 (29.0) s v 241X3 (29.2) s, P = 0.25). There was no significant difference between the ratepressure products at the onset of angina (P = 0X13) and the time to 1 mm ST depression (P = 0.85), but at peak exercise the rate-pressure product was significantly lower in patients breathing cold air as opposed to room air (P = 0.049).
There was an equivalent significant decrease in ET-1 concentrations at peak exercise compared with that at rest at both visits (room air 5*0 (0.7) pmolIl v 4-3 (0.7) pmol/l, P = 003; cold air 4-4 (0.6) pmoMl v 3-8 (0-5) pmol/l, P = 0.02). There was a significant increase in AT-II concentrations 10 min after peak exercise in patients breathing room air (39.2 (6.1) pmol/l v 32'1 (4.8) pmol/l, P = 0 01) which was not repeated during cold air inhalation (36-6 (3.4) pmolIl v 28-3 (3.4) pmol/l, P = 0.07).
Conclusions-Cold air inhalation in patients with stable angina results in an earlier onset of angina and a reduction in exercise capacity. Both peripheral and central reflex mechanisms appear to contribute to the phenomenon of cold intolerance. Peripheral ET-1 and AT-II do not appear to play a significant role in the pathophysiology. ( 13 September 1994 AT-II levels have been detected in response to pacing induced ischaemia in patients with stable angina.'6 It is possible therefore that either ET-1 or AT-II may have a role in the mechanism of cold induced angina.
The aims of this study were to examine the effects of cold air inhalation during exercise testing at room temperature in patients with chronic stable angina and to investigate the possible part played by ET-1 and AT-II in the pathophysiology of cold intolerance.
Patients and methods

STUDY POPULATION
The study group consisted of 12 men (age range 52-69 years, mean age 61-0 years) with chronic stable exertional angina. Eight of the patients gave a positive history of cold intolerance. Each patient had angiographically confirmed coronary artery disease, with two patients having single vessel disease, seven double vessel disease ahd three triple vessel disease. Four patients had had a previous myocardial infarction. None of the study group gave a history of hypertension, renal disease, congestive cardiac failure or chronic respiratory disease (for example, asthma or chronic obstructive airway disease). Patients taking diuretic agents or angiotensin converting-enzyme inhibitors were excluded from the study. Informed consent was obtained from each patient and the study was approved by the hospital ethical committee.
EXERCISE TESTING
The study involved each patient undergoing two symptom limited treadmill exercise tests using the Bruce protocol 1 week apart. At one visit the patient underwent exercise testing whilst breathing room air and at another visit the patient performed the exercise test whilst breathing cold air obtained from a specially adapted freezer. This freezer contained a heat exchanger immersed in a glycol solution capable of cooling air to a minimum temperature of -1 5°C. The For the visit during which room air was breathed, each patient performed a treadmill exercise test during which the time to angina, the time to 1 mm ST depression, and the total exercise time were recorded. Heart rate and blood pressure were measured at these time points at peak exercise and after 10 min recovery. Further peripheral venous blood samples were taken for determination of ET-1 and AT-II concentrations. For the visit during which cold air was breathed, each patient was asked to breathe cold air obtained from the modified freezer after the resting heart rate, blood pressure, and blood samples had been taken. Repeat ET-1 and AT-II samples were taken after 10 min of cold air inhalation at rest. The patient was then asked to perform an exercise test whilst continuing to breathe cold air and the time to angina, time to 1 mm ST depression, and the total exercise time were recorded. Heart rate and blood pressure were measured at these time points. Further ET-1 and AT-Il samples were taken at peak exercise and after 10 min recovery whilst the patient continued to breathe cold air. Room temperature at each visit and the temperature of the inspired cold air entering the mask were measured.
ET-1 AND AT-II ASSAYS
All peripheral venous blood samples taken for determination of ET-1 and AT-II concentrations were collected into prechilled tubes on ice containing EDTA as anticoagulant. The samples were centrifuged within 1 h of collection at 3000 rpm for 10 min at 4°C, and the plasma was stored at -20°C until assayed. Endothelin concentrations were measured using a radioimmunoassay technique (Nichols Institute Diagnostics Endothelin 1251I Assay (Saffron Walden, Essex)). Antiserum crossreactivity was ET-1 100%, endothelin-2 52%, endothelin-3 96%, and big-endothelin 7%. The inter-assay and intra-assay coefficients of variation based on pooled samples of plasma were 9-2% (n = 5) and 4% (n = 12) respectively. The recovery of ET-1 from plasma samples was 83% (range 77-89) (n = 4). The lowest measurable concentration of the assay was 0-8 pmol/l. AT-II concentrations were also measured using a radioimmunoassay technique (Nichols Institute Diagnostics Angiotensin-II 1251I Assay). Antiserum crossreactivity was Asp'-Ileu5-angiotensin-II 100%, Val5-angiotensin-II 100%, Asp'-Ileu5-angiotensin-I 0-1%, Asn'-Val5-angiotensin-II 30%, and Sar'-Ileu8-angiotensin-II 0-02%. The inter-assay and intra-assay coefficients of variation were 5-7% (n = 9) and 3-5% (n = 12) respectively. The recovery of AT-II from plasma samples was 68% (range 62-74) (n = 4). The lowest measurable concentration of the assay was 3-6 pmol/l.
STATISTICAL ANALYSIS
Results are expressed as means (SEM). The data were normally distributed, and differences between variables were analysed using the Student's paired t test. Statistical significance was taken as P < 0 05.
Results
There was no significant difference in room temperature when the patients were breathing There was a significant decrease in the time to angina (fig (A) ) and in the total exercise time (fig (B) ) in patients breathing cold air as opposed to room air, but there was no change in the time to 1 mm ST depression (fig (C) ).
There was no significant difference in the rate-pressure products at the onset of either angina or the 1 mm ST.depression, but.at peak exercise the rate-pressure product was significantly lower when patients were breathing cold air as opposed to room air (table 1) . There were no significant differences in heart rate, systolic blood pressure, or diastolic blood pressure at each of these time points (table 2) .
Subdividing the patients dependent on whether they gave a history of cold intolerance revealed that, for the eight with such a history, there was a trend towards a reduction in the time to angina, time to 1 mm ST depression, and total exercise time during cold air inhalation compared with that of (percent decrease 14-3 (4.9)) and cold air inhalation (percent decrease 1 1 6 (4 1)) (P = 0 70).
There was a significant increase in AT-II concentrations 10 min after peak exercise compared with that at both rest and peak found that a subgroup of eight cold sensitive patients developed 1 mm ST depression 30% sooner during treadmill exercise testing in a cold chamber at -8°C compared with that at 20°C. The rate-pressure product (heart rate x systolic blood pressure) at the onset of 1 mm ST depression was significantly lower in the cold, suggesting that ischaemia was occurring at a lower myocardial oxygen consumption. Juneau et al concluded that a reduction in coronary flow could explain the earlier onset of ischaemia in the cold.
The results of the present study suggest that a combination of both peripheral and central mechanisms could explain the phenomenon of cold induced angina during cold air inhalation. Cold air inhalation resulted in a significant reduction in the time to angina (fig  1(A) ), with no significant difference in the rate-pressure product at this time point at each visit (table 1) . Rate-pressure product has been shown to correlate well with myocardial oxygen consumption,20 and therefore the earlier onset of angina during cold inhalation can be attributed to an increase in cardiac work. At each visit there was no significant difference in systolic blood pressure or heart rate at the onset of angina, suggesting that the increased myocardial oxygen consumption during cold air inhalation is likely to have been caused by a combination of the increase in both these variables. Cold exposure in patients with angina has been shown to produce peripheral vasoconstriction and a rise in blood pressure,2 mediated via cold receptors in the skin which stimulate an increase in sympathetic outflow to the peripheral vessels.
As cold receptors are also located in the upper airways, cold air inhalation is likely to stimulate these receptors and trigger a reflex increase in peripheral vascular resistance, a rise in blood pressure and an increase in cardiac work. Similarly, a sympathetically mediated reflex increase in heart rate during cold air inhalation would result in increased heart work.
In role in the pathophysiology and determine a patient's overall exercise capacity. Although there was a trend towards a decrease in the time to 1 mm ST depression in patients breathing cold air as opposed to room air, this failed to reach statistical significance. This could be explained by the size of the study group, and the change in this exercise test parameter may well have become significant if a larger number of patients had been studied. Furthermore, it is difficult to establish the effect of patient expectation during the cold air exercise test. Some patients may have assumed that they would experience angina sooner during the cold air exercise test, and this may have resulted in the early onset of chest pain and termination of exercise before the appearance of significant ST changes on the electrocardiogram.
Division of the study group into patients tolerant and intolerant to cold showed a significant reduction in the time to angina in patients tolerant to cold breathing cold air compared with that of breathing room air. Although there was a trend towards a reduction in the time to angina in patients intolerant to cold breathing cold air, this failed to reach statistical significance. One potential explanation for this finding is that patients intolerant to cold have developed an adaptive mechanism and are partially conditioned to the cold. This conditioning may modify their response to formal exercise testing during cold air inhalation, thus delaying the onset of symptoms and improving their overall exercise capacity. This adaptive response may not occur in patients tolerant to cold. In addition, it is uncertain as to the effect of patient expectation (that is-reluctance to go outdoors during cold weather, mode of dress) on the results. Patients who do not complain of cold intolerance may not have been exposed to, or may have taken steps to avoid, the phenomenon. Furthermore, clearly outdoor conditions are not exactly mimicked in the laboratory setting, and this could also contribute to these observed differences. In general, however, we would expect that the face is the only area significantly exposed to the cold, and that inhalation of cold air to be the major effect of cold weather.
Although increased endothelin and reninangiotensin levels have been demonstrated in patients following acute myocardial infarction,2' 22 whether these vasoactive peptides are activated during episodes of acute myocardial ischaemia is less well defined. Raised AT-II levels have been detected in response to pacing induced ischaemia in patients with stable angina,'6 but no data are available on the possible part played by either ET-1 or AT-II in the pathophysiology of cold induced angina.
In the present study, there was a similar significant decrease in ET-1 concentrations at peak exercise compared with that at rest irrespective of whether the patients were breathing room or cold air. Concentrations of ET-1 returned to resting levels 10 min after peak exercise during the warm air exercise test, but remained significantly reduced compared with resting levels 10 min after peak exercise during the cold air exercise test. The effect of exercise on ET-1 has not been studied in man, although a decrease in the mean plasma concentration of ET-1 after exercise performed until semi-exhaustion or exhaustion has been demonstrated in rats. 23 The decrease in ET-1 concentrations seen in our study group at peak exercise could be the result of its rapid removal by different tissues, especially the lungs, during exercise. Overall, the findings of our study suggest that peripheral ET-1 does not play a significant role in the phenomenon of cold intolerance in patients with stable angina.
There was a significant increase in AT-II concentrations 10 min after peak exercise compared with that at both rest and peak exercise in patients breathing room air. During cold air inhalation, however, there were no significant changes in AT-II concentrations. A rise in AT-II levels in response to exercise has been demonstrated in normal men,24 with exercise stimulating the secretion of renin via sympathetic stimulation of the juxtaglomerular apparatus and by other mechanisms such as a loss of sodium and a reduction in the extracellular volume through sweating. Consequently, plasma renin activity and the plasma concentration of AT-II rise during exercise. In addition, exercise induced myocardial ischaemia in patients with ischaemic heart disease may produce left ventricular dysfunction, and subsequent renal hypoperfusion could also result in renin release from the kidney. When the study group were breathing room air, their exercise capacity and maximal workload would have been less than that of normal subjects undergoing maximal exercise testing. Consequently, although activation of the mechanisms stimulating a rise in the level of AT-II would have started during exercise testing, they would not have produced a significant increase in AT-II by the time that the exercise was completed. It seems likely that these mechanisms will remain active at least during the early stages of recovery and result in a significant rise in AT-II 10 min after peak exercise. There was a significant reduction in total exercise time in patients breathing cold air as opposed to room air, and therefore it is likely that there was little stimulation of the renin-angiotensin response to exercise before peak exercise was reached. This may explain the fact that there were no significant changes in AT-II concentrations with exercise during cold air inhalation. This possibility seems more likely than any effect of ischaemia induced left ventricular dysfunction on AT-II, as there was no significant difference in maximal ST depression during exercise with either room air or cold air inhalation (table 6) . Similar to the ET-1 findings, it appears unlikely that peripheral AT-II plays a significant role in the pathophysiology of cold intolerance in patients with stable angina.
The results of the present study differ from the previously reported effects of cold air inhalation in patients with angina. Hattenhauer and Neill9 studied a population of 33 male patients with coronary artery disease, 11 of whom gave a positive history of cold intolerance. Seventeen of these patients underwent inhalation of cold air at -20°C for 4 min, and this resulted in typical angina at rest in four patients. Cold air inhalation also produced angina in four of the seven patients who were paced at a heart rate which was subanginal at room temperature. Cold air inhalation did not significantly increase myocardial oxygen consumption, or alter coronary blood flow determined by the xenon clearance method. In a separate arm of the Hattenhauer and Neill study, cold air inhalation for 90 s in 18 patients produced no detectable-constriction of coronary arteries visualized arteriographically. The authors concluded from these findings that cold induced angina could not be explained by an increase in cardiac work and myocardial oxygen consumption. In addition, as neither large coronary artery nor generalized coronary arteriole constriction seemed to occur during cold air inhalation, the authors proposed that cold induced angina could be the result of constriction of minute coronary collaterals or other vessels specifically affecting blood flow to potentially ischaemic regions of the myocardium. The differences between the results of Hattenhauer and Neill and the present study are likely to be a consequence of the use of different modalities of stress testing, particularly as atrial pacing is a relatively non-physiological form of exercise testing. Furthermore, a greater proportion of patients in the present study gave a positive history of cold intolerance (75% v 33%). One potential limitation in our study is that during the control exercise tests the patients were not wearing a mask or breathing through the same equipment as they did during the cold air exercise tests. This raises the possibility that during the cold air tests patients performed additional work in breathing through the face mask and accompanying equipment, contributing to the earlier onset of angina and reduction in overall exercise capacity. The specially adapted freezer, however, contained a small fan unit capable of providing cold air at a maximum rate of 150 I/min, connected to the face mask by a short piece of 38 1 mm diameter hose. This equipment ensured that the cold air was actively supplied to the patient and that no extra work was required to breathe through the face mask and accompanying equipment.
Another potential limitation of our work is that laboratory conditions do not exactly replicate the outdoor conditions experienced by patients during cold weather. It is difficult to accurately reproduce outdoor conditions in an exercise room, but our study does show that breathing cold air is an important factor in the pathophysiology of cold induced angina. In response to strong winds, snow and freezing temperatures patients normally wear warm clothing such as coats, gloves and hats, but pay little attention to protecting themselves from the effects of direct cold air inhalation. Our work suggests that such practices as covering ones nose and mouth with a scarf or other such accessory may help to limit the effect of direct cold air inhalation and improve the patient's exercise capacity during cold spells.
Conclusion
When investigating the mechanisms involved in cold induced angina, potential differences exist between the response to cold air inhalation and the effects of a cold environment. Cold air inhalation in patients with chronic stable angina results in an earlier onset of symptoms and a significant reduction in exercise capacity. Haemodynamic data suggest that a combination of peripheral and central reflex mechanisms is the most likely explanation for these clinical findings.
There was a similar significant decrease in concentrations of ET-1 during exercise testing irrespective of the temperature of the inhaled air, and a significant increase in AT-II concentrations in response to exercise while breathing room air which was not repeated during cold air inhalation. Peripheral ET-1 and AT-II do not appear to play a part in the pathophysiology of cold intolerance in patients with stable angina.
Further work into cold intolerance in patients with angina should aim at clarifying potential central reflex mechanisms and explore a possible central action for vasoactive peptides.
